This is the first reported study of a riverbank filtration (RBF) scheme to be assessed following the Australian Guidelines for Managed Aquifer Recharge. A comprehensive staged approach to assess the risks from 12 hazards to human health and the environment has been undertaken. Highest risks from untreated ground and Ganga River water were identified with pathogens, turbidity, iron, manganese, total dissolved solids and total hardness. Recovered water meets the guideline values for inorganic chemicals and salinity but exceeds limits for thermotolerant coliforms frequently. A quantitative microbial risk assessment undertaken on the water recovered from the aquifer indicated that the residual risks of 0.00165 disability-adjusted life years (DALYs) posed by the reference bacteria Escherichia coli O157:H7 were below the national diarrhoeal incidence of 0.027 DALYs and meet the health target in this study of 0.005 DALYs per person per year, which corresponds to the World Health Organization (WHO) regional diarrhoeal incidence in South-East Asia. Monsoon season was a major contributor to the calculated burden of disease and final DALYs were strongly dependent on RBF and disinfection pathogen removal capabilities. Finally, a water safety plan was developed with potential risk management procedures to minimize residual risks related to pathogens.
INTRODUCTION
The United Nations Millennium Development Goals include 'halving by 2015 the proportion of the people without sustainable access to safe drinking water and basic sanitation service' (World Bank ). However, India's growing population is facing an exponential water decline in per capita availability of water (Sandhu et al. ) . In 2001, many Indian potable water distribution systems supplied water only a few hours per day, on average 2.9 h per day often late at night (World Bank ). About one-third of India's urban population resides in large cities of more than a million people (World Bank ). While 62% of the urban population had access to toilets either connected to sewers, septic tanks or pit latrines in 2001, ranging from 52% in Delhi to 90% in Hyderabad, only 28% of the surveyed population was connected to sewerage facilities (World Bank ). In 2013, large volumes of untreated sewage were discharged into surface water bodies or leaked into shallow aquifers, making them unsuitable to use directly as a source of potable supply without treatment. projects the burden of diarrhoeal diseases in India to be 0.0218 DALYs for 2016. This risk is significantly higher than the WHO projections for SE-Asia, and India is a major contributor to the regional burden of diarrhoeal diseases. Unsafe potable water or the absence of drinking water may not be the only reason for the high incidence of diarrhoeal diseases in India but is likely to affect many people without access to drinking water facilities, insufficient sanitation and the absence of water safety plans (WSP).
The usage of riverbank filtration (RBF) in India offers the benefit of a significant reduction in turbidity and coliform bacteria in the source water that is directly supplied after disinfection without the need for further extensive post-treatment (Sandhu & Grischek ) . RBF can be used as water treatment at sites where hydrogeological conditions are favourable, the surface water requires extensive treatment or groundwater resources are limited. Furthermore RBF is recognized in India as a method to induce recharge into an aquifer by virtue of augmenting well yield (IS ). However, RBF as with other techniques can also involve hazards to the ambient water or create environmental risks under certain circumstances. The evaluation of risk from RBF schemes includes studies of hydraulics (e.g. clogging) and now incorporates a wider suite of hazards and hazardous events such as monsoons. RBF has been used in India in Haridwar (Ganga River), Srinagar (Alaknanda River) and Nainital (Lake Nainital) for urban water supply since the 1980s as an alternative to surface water abstraction and to supplement groundwater abstraction (Sandhu et al. , ) . Yet to date a structured management approach to assess risks to human health and the environment has not been implemented at RBF sites in order to make water supplies safer.
In 2006, the Australian Guidelines for Water Recycling (NRMMC-EPHC-AHMC ) were released and then extended among others with the second phase guideline:
Managed Aquifer Recharge (MAR) for Recycling via the Aquifer ('MAR Guidelines') (NRMMC-EPHC-NHMRC ). This common holistic risk assessment framework applied to MAR, which provides a staged approach to assess the treatment capacity of the aquifer as part of the larger treatment chain in water recycling with the same rigour as previously applied to engineered water treatment components, is to date unreported in the literature. An RBF scheme in Haridwar, India provides a case study to apply the risk-based approach outlined in the Australian MAR Guidelines. The risk assessment is used to focus effort toward the highest priority hazards commonly encountered in MAR operations and provides a rationale for further risk-based management plans. Given the aim to produce water of a potable quality, it was necessary to undertake a thorough assessment of the potential pathogen risks to human health using quantitative microbial risk assessment (QMRA). Details of the QMRA approach for assessing human health risks for water recycling via aquifers are reported by Page et al. () . This is the first reported application of the risk assessment framework outlined in the Australian MAR Guidelines to an RBF site. The objectives of this study were: (i) to document the application of the Australian MAR Guidelines to the Haridwar RBF case study site; and (ii) to report the outcome of the risk assessment to human health and the environment. This novel methodology for RBF sites makes use of a risk management framework which is consistent with the WHO WSP (WHO ).
METHODS

Risk assessment stages
The risk assessment was performed following the four risk assessment stages reported by Page et al. () shown in were prepared by sorting bacterial numbers including 'no detection' or 'smaller as' values from lowest to highest and assigning each as a percentile value.
Quantitative microbial risk assessment
The human health risk assessment of pathogens follows the approach outlined in WHO (). Escherichia coli (E. coli) DALYs were calculated from 10,000 simulations (Table 1) .
It was assumed that 90% of the TTC detections were Ganga water is of poor quality with respect to suspended particles but clogging of the UGC bed is considered negligible because: (1) bed material is excavated annually; and (2) Numbers per 100 mL (non-mon) water is used for drinking water.
Stage 3: Operational residual risk management
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Turbidity and particulates
Turbidity ( Heavy metals such as copper, nickel, lead, chromium, cadmium and titanium are below detection limit. Arsenic, barium and zinc are below drinking water guideline limits and thus are of low risk.
Salinity and sodicity
Salinity ranging from 150 to 443 mg/L is below the guideline value of 500 mg/L (IS ) and risk is rated low.
Nutrients
Ammonia and nitrate concentrations of <0.1 mg/L and 16 mg/L are below levels of concern for drinking water (nitrate ¼ 45 mg/L). Phosphate concentration was <0.1 mg/L in two wells and TOC ranges from <1 mg/L to 2.2 mg/L.
Hence, nutrients pose a low risk for bio-stability and clogging.
However, based on a Ganga TOC concentration of <1.3 mg/L, TOC concentrations of up to 2.2 mg/L in wells that are assumed to receive a higher portion of groundwater may indicate contamination with sewage. As can be seen from Table 3 , the lowest TOC concentration of <1.0 mg/L was measured in wells with >80% bank filtrate.
Organic chemicals
The risk from organic chemicals is rated as low. These results from 2005 (see Stage 2 semi-quantitative 'maximum risk assessment') were confirmed during monsoon in 2013 when triazines such as atrazine including its metabolites deethylatrazine and deisopropylatrazine, terbutryn, simazine and ametryn were not found above the detection limit of 10 ng/L by LC-MS analysis (Sandhu ).
Turbidity and particulates
The Indian drinking water guideline (IS ) sets a guideline value of 5 NTU and values measured in the RBF wells range from 0.8 to 3.9 NTU. Turbidity itself does not pose a risk to human health but may be an indicator of contamination generally and can interfere with disinfection.
Radionuclides
This risk could not be assessed and was rated uncertain (see Stage 2 semi-quantitative 'maximum risk assessment').
Pressure, flow rates, volumes and groundwater levels
This risk is rated as low (see Stage 2 semi-quantitative 'maximum risk assessment'). Very high flows in the monsoon season and canal bed dredging in November/December (post-monsoon) regularly restore hydraulic conductivity of the canal/river bed. If clogging persisted, abstraction could draw more groundwater from the unconfined aquifer beneath the city or mobilize iron or manganese, both resulting in water quality deterioration.
Contaminant migration in fractured rock or karstic aquifers
This risk does not apply for the Haridwar case study as the aquifer is alluvial.
Aquifer matrix dissolution and stability of well and aquitard
The unconfined alluvial sand and gravel aquifer has low risk of dissolution or well stability issues. However, wells need to be maintained (regular repair of cracks, fissures in wellcaisson and covers) to prevent contamination in the event of inundation from an extreme flood.
Aquifer and groundwater-dependent ecosystem
This risk is rated low (see Stage 2 semi-quantitative 'maximum risk assessment').
Energy and greenhouse gas considerations
This risk is rated as low (see Stage 2 semi-quantitative 'maximum risk assessment'). The operational procedures corresponding to the preventative measures and critical control points are detailed in Table 6 and should be made accessible to all staff and employees. These procedures and supporting documentation have been developed to undertake operational and maintenance activities and are required to be undertaken weekly and monthly by staff in order to address the operat-
ing plan and to demonstrate that the risk management plan is fully implemented.
Verification of WSP
The verification monitoring programme ought to confirm compliance if the water quality management plan is achieved, and also determine where modifications to the preventive management plan are needed. For operational and regulatory requirements, it is also recommended to monitor the drinking water quality inside the distribution network.
Management and communications
Data from the Haridwar RBF scheme should be compiled and reviewed regularly after each monsoon season. 
DISCUSSION
In several years of operation, various studies have improved the understanding of the risks for RBF in Haridwar. However, variability and uncertainties concerning groundwater 
CONCLUSION
The RBF risk management framework presented in this paper is consistent with the WHO WSP and is the first reported internationally to provide a staged approach to managing risks associated with RBF systems. This case study evaluated whether Ganga water after RBF treatment meets the standards for potable quality and if a staged risk assessment is useful for RBF sites in India. It also provides WSP measures to manage risks associated with RBF sites in India.
The RBF staged risk assessment demonstrated that the risks from inorganic chemicals, salinity, nutrients and turbidity were acceptable. The QMRA indicated that the risks to human health from bacterial pathogens are below the reference risk used in this study. This QMRA was limited by inadequate characterization of viral and protozoan pathogen numbers in source water. However, pathogen capabilities for RBF reported in the literature indicate high removal capabilities even for viral and protozoan pathogens. In a longer-term assessment, these risks need be to better characterized.
The QMRA approach was not found to be useful for datascarce RBF sites in India. However, general recommendations taken from this specific case study such as the need for well head protection, characterization of both source and groundwater quality, and management of monsoon effects as part of a WSP can be applied to all Indian RBF sites including poor data sites. It is thus useful for all new RBF projects to reveal the information gaps that need to be filled in order to assess the risk and the prospective measures required.
In India, intense rainfall events or temporarily high nutri- 
